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Abstract 

We study the decays of top squarks and bottom squarks in the Minimal Su- 
persymmetric Standard Model with complex parameters At, Af, and /i. In a large 
region of the super symmetric parameter space the branching ratios of ti and 61 
show a pronounced phase dependence. This could have an important impact on 
the search for ti and bi at a future linear collider and on the determination of the 
supersymmetric parameters. 

1 Introduction 

So far most phenomenological studies on production and decay of supersymmetric (SUSY) 
particles have been performed within the Minimal Supersymmetric Standard Model 
(MSSM) [1] with real SUSY parameters. In this contribution we analyze the decays 
of ti and bi in the MSSM with complex SUSY parameters. The lighter squark mass 
eigenstates may be relatively light and could be thoroughly studied at an e~^e~ linear 
collider. 

In the third generation sfermion sector the mixing between the left and right states 
cannot be neglected because of the effects of the large Yukawa couplings. The left-right 
mixing terms in the squark mass matrix depend on the higgsino mass parameter /j, and 
the trilinear scalar couplings Ag, q = t,b, which may be complex in general. In mSUGRA- 
type models the phase ip^ of /i turns out to be restricted by the experimental data on 
electron, neutron and mercury electric dipole moments (EDMs) to a range |<y9^| < 0.1 - 0.2 
for an universal scalar mass parameter Mq < 400 GeV [2, 3, 4]. However, the restriction 
due to the electron EDM can be circumvented if complex lepton flavour violating terms 
are present in the slepton sector [5] . The phases of the parameters At^b are not restricted 



at one-loop level by the EDM data but only at two-loop level, resulting in much weaker 
constraints on these phases [6]. 

Analyses of the decays of the 3rd generation squarks ti^2 and 61^2 in the MSSM with 
real parameters were performed in Refs. [7, 8] and phenomenological studies of production 
and decay of these particles at future e+e" colliders in Ref. [9]. A detailed study how to 
determine At and in the real MSSM with help of the measured polarization of final 
state top quarks was performed in Ref. [10] . Recently the influence of complex phases on 
the phenomenology of third generation sleptons has been studied in [11]. 

In this article we study the effects of the complex phases of At, A^ and fi on the 
partial decay widths and branching ratios of ti and 61. We assume, that the gaugino mass 
parameters are real. Especially the effects of the possibly large phases of At and A^ can 
be quite strong, which would have an important impact on the search for ii and 61 at a 
future e+e" linear collider. 



2 Ql-Qr mixing 

The left-right mixing of the stops and sbottoms is described by a hermitian 2x2 mass 
matrix, which in the basis (g^, qr) reads 



M? M? 

IRL qRR 



with 



M? 

QLL 

M? 

Qrr 

M? 

IRL 



M| + {T^ - Qq sin^ Ow) cos 2f3 m| + m^, 
M^, -I- Qq sin^ 6w cos 2/3 m| -|- m^. 



2 ^ 
Qlr^ 



m, 



[Aq- I,* (t^n (3)-'^^), 



(1) 

(2) 
(3) 

(4) 



where rriq, Qq and are the mass, electric charge and weak isospin of the quark q — 
b,t. 9\Y denotes the weak mixing angle, tan/5 = V2/V1 with Vi {V2) being the vacuum 
expectation value of the Higgs field and Mg, = (M^) ior q = b (t). M^, M^, 

M^, Ab and At are the soft SUSY- breaking parameters of the stop and sbottom system. 
In case of complex parameters // and Aq the off-diagonal elements M~^^ — (M|^^)* are 
also complex with the phase 



<Pq = arg [M|^J = arg Aq - /i*(tan/?) 
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(Pq together with the squark mixing angle 9q fixes the mass eigenstates of the squarks 

q^ = e''^'^coseqqL + sin OqqR, (6) 
q2 = - sin Oq^L + e''"^^ cos OqqR (7) 

with 
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and the mass eigenvalues 



- \ («. + T V(^L-^iJ^ + 4|MiJ^) . (9) 

3 Numerical results 

In this section wc will present numerical results for the phase dependences of the and 
h\ partial decay widths and branching ratios. We calculate the partial decay widths in 
Born approximation. It is known that in some cases the one-loop SUSY QCD corrections 
are important. The analyses of [8, 12, 13] suggest that a significant part of the one-loop 
SUSY QCD corrections to certain tx and 6i partial decay widths can be incorporated 
by using an appropriately corrected bottom quark mass. In this spirit we calculate the 
tree-level widths of the t\ and h\ decays by using on-shell masses for the kinematic factors, 
whereas we take running masses for the top and bottom quark for the Yukawa couplings. 
For definiteness we take mp(mz) = 150 GeV, nf^-^^^""^ = 175 GeV, mJ^^^mz) = 3 GeV 
and 772°i^-'''^^'i = 5 GeV. This approach leads to an "improved" Born approximation, which 
takes into account an essential part of the one-loop SUSY QCD corrections to the and 
h\ partial decay widths and predicts their phase dependences more accurately than the 
"naive" tree-level calculation. 

In the numerical analysis we impose the following conditions in order to fulfill the 
experimental constraints: m-± > 103 GeV, m^o > 50 GeV, vhhx > 100 GeV, rrif^ > 

100 GeV, rrif^ i^ > m^o, Ap{i—b) < 0.0012 [14]. We also calculate the branching ratio for 
6 — S7 and compare it with the experimentally allowed range 2.0 x 10~^ < B{h ^ S7) < 
4.5 X 10"^ [15]. 

First we discuss the dependence of the ii partial decay widths on ip^t and 9?^ in two 
scenarios inspired by the Snowmass Points and Slopes scenarios SPS la and SPS 4 [16]. 
For this we take the squark masses, the squark mixing angles, tan (3 and M2 from [16] as 
input and compute \At\ from this with help of eqs. (1) - (4). The relevant parameters for 
the determination of the partial decay widths are summarized in Table 1. Furthermore, 
we also look at a scenario with a light ii allowing production of this particle at a 500 GeV 
linear collider. When varying the phases of At and we fix three squark masses and 
the absolute values of the parameters at the given values, calculating Mg, M^y and 
accordingly. Then the fourth squark mass m^;^ {f^i-z) ^^^P (sbottom) decays 

depends on the phases and varies around the given value. 

In Fig. 1 we show the partial decay widths and branching ratios for ii — > x^6, ti — * x\i) 
ti — > xt^ t\ ^ as a function of ipAt in the scenarios of Table 1 for ipA,, — (p/^ — 0. 
Fig. 1 (a) and (b) are for the SPS la inspired scenario. Here the partial decay widths of 
the chargino channels ti Xi2^ show a significant (fAt dependence, whereas ti — * Xi^ ha-s 
only a weak phase dependence. For ipAt ~ 0, 27t the decay into Xi^ dominates, whereas 
for (fAt ~ TT the decay into Xi^ has the largest branching ratio. In Fig. 1 (c) and (d) 
we show the decays in the SPS 4 inspired scenario. Here all four partial decay widths 
contribute with comparable size. Again the chargino channels ii —>■ Xi,2^ show the largest 
(pAt dependence. However, for LpAt ~ 0, 27r the decay ti x^t dominates. In the scenario 
with a light ti (Fig. 1 (e) and (f)) only the decay channels into xl and x5 are open. Also 
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SPS la 


SPS 4 


light ti 


light hi 


mi /GeV 


379.1 


530.6 


240.0 


170.0 


mi /GeV 


574.7 


695.9 


700.0 


Ri 729 


mi /GeV 


491.9 


606.9 


400.0 


350.0 


mi /GcV 

'"'b-il 


^ 540 


709 


^ 662 


700.0 


\ AM GeV 


465.5 


498.9 


600.0 


600.0 


lul/GeV 


352.4 


377.0 


400.0 


300.0 


tan /3 


10 


50 


6 


30 


Ms/GeV 


192.7 


233.2 


135.0 


200.0 


m//± / GeV 


401.8 


416.3 


900.0 


150.0 


q mixing 




Mq>M^ 


Mq>M^ 





Table 1: Relevant parameters in scenarios used to discuss the stop and sbottom decays. 

in this scenario T{ii — > shows this clear ^pAt dependence, resulting in B(ti — > Xi^) 
dominating at (pAt ~ 0, 27r and B{ti — > xtb) dominating at ipAt ~ t^- The decay pattern, 
especially of ti — > Xi^: can be explained in the following way: In all scenarios we have 
\At\ ^ 1/^1/ tan /5, therefore % depends only weakly on pAf However, (pf pa ipAt (see 
eq. (5)), which causes the clear 1 — cos (p At behavior of T{ii — > xt^)- We have calculated 
B{b — > 57) in all three scenarios. In the case of SPS la we obtain B(b — > 57) in the 
experimentally allowed range for 0.57r < ipAt < l-57r, whereas for ipAt ~ 0, 2n it can reach 
values up to 5 X 10~^. In the case of SPS 4 and the scenario with a light ti the situation 
is quite similar, with B{b — > sj) reaching values of 6.5 x 10"*^ and 5.3 x 10"*^, respectively, 
near (pAt ~ 0, 27r. 

In Fig. 2 (a) we show a contour plot for the branching ratio B(ti — > Xi^) as a function 

of (pAt and (p^ for ipAt = in the SPS la inspired scenario. The (pAt dependence is stronger 
than the dependence. The reason is that these phase dependences are caused by the 
tL -Ir mixing term (eq. (4)), where the v?^ dependence is suppressed. The ip^ dependence 
is somewhat more pronounced for pAt ~ 0, 27r than for pAt ~ ti"- H the constraint 
I </?^ I < 0.1 - 0.2 from the EDM bounds has to be fulfilled, then only the corresponding 
bands around (p^ = 0, tt, 27r are allowed. B{b ^ 57) is in agreement with the experimental 
range in almost the whole ipAt-<Pfj. plane: only at <pAt ~ 0, 27r and </9^ ~ 0, 2tt it can go 
up to 5 X 10^^. In order to discuss the dependence of this branching ratio on \At\ we 
show in Fig. 2 (b) the contour plot of B{ii Xi't) as a function of pAt and \At\ for 
PAi, — ffi — and \At\ — \Ah\. Glearly, the pAt dependence is strongest for large values of 
\At\. The dashed lines mark the contours of cosO^, which are perpendicular to the ones of 
B{ti Xit) in a large domain of the parameter space. Thus a simultaneous measurement 
of ^ x^t) and cos Of: might be helpful to disentangle the phase of Ai from its absolute 
value. As an example a measurement of B{ii — > Xi^) = 0.6 ±0.1 and | cos%| = 0.3 ±0.02 
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Figure 1: (a), (c), (e) Partial decay widths and (b), (d), (f) branching ratios of the decays 
i-i — > Xi^^ (sohd), ii — > (dashed), fi — > xj6 (dashdotted) and ii — > X2^ (dotted) in the 
SPS la and SPS 4 inspired scenarios and the scenario with a hght defined in Table 1 
for ipA^ = = 0. 
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would allow to determine \At\ ^ 320 GeV with an error A(|74t|) ^ 20 GeV and cpAt with a 
twofold ambiguity ipAt ~ O.SStt or ipAt ~ l.GSvr with an error A{ipAt) ~ O.Itt. B{b — > 57) 
is in agreement with the experimental range in almost the whole <^^j-|74t| plane: only at 
(fAt ~ 0, 27r and \At\ > 300 GeV it can go up to 5 x 10"^. 



(/^m/tt (a) 




0.5 1 1.5 2 




0.5 1 1.5 2 



400 
300 
200 
100 




Figure 2: Contours of B{ii — > Xi^) the SPS la inspired scenario defined in Table 1 
for (a) (fAt, = and (b) \Ai,\ — \At\, (pA^ — <Pij. — 0- The dashed hues in (b) denote the 
contours of cos 9f. 

In order to discuss the decays of the 61 we choose a scenario with a hght bi and a hght 
as defined in Table 1, where the bi production at a 800 GeV linear collider is possible 
and the decay channel hi H~ti is open. We fix tan j3 = 30, because for small tan /? the 
off-diagonal elements in the sbottom mixing matrix are too small. 

We show in Fig. 3 (a) and (b) the partial decay widths and the branching ratios of 
bi — > x° ^1 ~^ H~ii and 61 W~ii as a function of (pA^ taking \Ai,\ — \At\ — 600 GeV, 
(fn — TT and (fiAt — 7r/4. In the region O.TStt < (pA^ < l-757r the decay 61 —>■ H~ii 
dominates. The ipA^ dependence of its partial decay width is due to that of the butiH^ 
coupling term. The partial decay widths of bi Xi2^ essentially ipA^ independent, 
because the (pAi, dependence of the sbottom mixing matrix elements nearly vanishes. The 
ifiAb dependence of the branching ratios B{bi —>■ Xi,2^) is caused by the ipA^ dependence 
of the total decay width. In the whole parameter range considered B{b ^ 57) satisfies 
the experimental limits. 

For large tan/? one expects also a significant |Af,| dependence of the partial decay 
width r(6i — >■ H^ti). This can be inferred from Fig. 4 (a), where we show the contour 
plot of the branching ratio of bi — > H''ii as a function of \A})\ and ipA,,-, taking \At\ = \Aij\, 
(Pf^ — IT and (fiAt — tt/A. The (pA^ dependence is stronger for large values of \Ah\. Although 
Fig. 4 (a) is similar to Fig. 2 (b), the \Ah\ and (fiA^ dependences in Fig. 4 (a) are mainly 
due to the phase dependence of the bRtLH~ coupling. The shifting of the symmetry axis 
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Figure 3: (a) Partial decay widths and (b) branching ratios of the decays 61 Xib (sohd), 
61 — > (dashed), 61 H~ii (dotted) and 61 — > W'ii (dashdotted) in the scenario with 
a hght 61 defined in Table 1 for \Ai,\ — \At\ — 600 GeV, (p^ — n and (pAt = 7r/4. 

to ipAi = 1.257r is caused by the additional phase = 7r/4. Contrary to the mixing in 
the stop sector cos^^ is nearly independent of \Ah\ and LpA^- Therefore the knowledge of 
cos 9i does not help to disentangle the phase of from its absolute value. 

In Fig. 4 (b) we show the contour fines of B{bi — > H~ti) as a function of ifAi, and 99^^, 
for \At\ — \Ai,\ — 600 GeV, cpi^ — n and the other parameters (except cpAt) ^ iii Fig- 4 
(a). As can be seen, the (pA^-'fiAt correlation is quite strong. The shaded area marks the 
region which is experimentally excluded because of B{b 57) < 2.0 x 10^^. Note, that 
the constraints from B{h ^ S7) are only fulfilled for a small range of values of (pAt in the 
given scenario with mH± — 150 GeV. 

4 Conclusion 

We have shown that the effect of the CP- violating phases of the supersymmctric param- 
eters At^ Af, and fi on CP-conserving observables such as the branching ratios of ti and 
bi decays can be strong in a large region of the MSSM parameter space. Especially the 
branching ratios of the ti can show a pronounced dependence on pAt in all decay channels. 
The dependence of the partial decay widths of the bi on pAi, are in general quite small with 
exception of decays into final states containing Higgs bosons. Nevertheless the resulting 
branching ratios show a clear phase dependence. This could have an important impact 
on the search for ti and bi at a future e~^e^ linear collider and on the determination of 
the MSSM parameters, especially of At and Aj, which are not easily accessible otherwise. 
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